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METHOD AND APPARATUS FOR 
TRANSFORM DOMAIN VIDEO 

PROCESSING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority from: (1) US. Provisional 
Patent Application No. 60/372,207, ?led Apr. 12, 2002, and 
entitled “DATA STRUCTURES AND ALGORITHMS FOR 
MEMORY EFFICIENT, COMPRESSED DOMAIN 
VIDEO PROCESSING.” This provisional application is 
herein incorporated by reference. This application is related 
to US. patent application Ser. No. 10/319,747, ?led on Dec. 
13, 2002, and entitled “METHOD AND APPARATUS FOR 
FAST INVERSE MOTION COMPENSATION USING 
FACTORIZATION AND INTEGER APPROXIMATION.” 
This application is hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to digital video technol 

ogy and more particularly to a method and apparatus for 
implementing ef?cient memory compression methods. 

2. Description of the Related Art 
The access of video on mobile terminals, such as cellular 

phones and personal digital assistants, presents many chal 
lenges because of the limitations due to the nature of the 
mobile systems. For example, loW-poWered, handheld 
devices are constrained under bandWidth, poWer, memory, 
and cost requirements. The video data received by these 
handheld devices are decoded through a video decoder. The 
video decoders associated With such terminals perform 
motion compensation in the spatial domain, i.e., decom 
pressed domain. Video compression standards, such as 
H.263, H261 and MPEG-1/2/4, use a motion-compensated 
discrete cosine transform (DCT) scheme to encode videos at 
loW bit rates. As used herein, loW bit rates refer to bit rates 
less than about 64 kilobits per second. The DCT scheme uses 
motion estimation (ME) and motion compensation (MC) to 
remove temporal redundancy and DCT to remove the 
remaining spatial redundancy. 

FIG. 1 is a schematic diagram of a video decoder for 
decoding video data and performing motion compensation 
in the spatial domain. Bit stream 102 is received by decoder 
100. Decoder 100 includes variable length decoder (VLD) 
stage 104, run length decoder (RLD) stage 106, Dequanti 
Zation (DQ) stage 108, inverse discrete cosine transform 
(IDCT) stage 110, motion compensation (MC) stage 112 and 
memory (MEM) 114, also referred to as a frame buffer. The 
?rst four stages (VLD 104, RLD 106, DQ 108, and IDCT 
110) decode the compressed bit stream back into the pixel 
domain. For an intracoded block, the output of the ?rst four 
stages, 104, 106, 108 and 110, is used directly to reconstruct 
the block in the current frame. For an intercoded block, the 
output represents the prediction error and is added to the 
prediction formed from the previous frame to reconstruct the 
block in the current frame. Accordingly, the current frame is 
reconstructed on a block by block basis. Finally, the current 
frame is sent to the output of the decoder, i.e., display 116, 
and is also stored in frame buffer (MEM) 114. 
MEM 114 stores the previously decoded picture required 

by motion compensation 112. The siZe of MEM 114 must 
scale With the incoming picture format. For example, H.263 
supports ?ve standardized picture formats: (1) sub-quarter 
common intermediate format, (sub QCIF), (2) quarter com 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
mon intermediate format (QCIF), (3) common intermediate 
format (CIF), (4) 4CIF, and (5) 16CIF. Each format de?nes 
the Width and height of the picture as Well as its aspect ratio. 
As is generally knoWn, pictures are coded as a single 
luminance component and tWo color difference components 
(Y,Cr,Cb). The components are sampled in a 4:2:0 con?gu 
ration, and each component has a resolution of 8 bits/pixel. 
For example, the video decoder of FIG. 1 must allocate 
approximately 200 kilobytes of memory for MEM 114 While 
decoding a H.263 bit stream With CIF format. Furthermore, 
When multiple bit streams are being decoded at once, as 
required by video conferencing systems, the demands for 
memory become excessive. 
MEM 114 is the single greatest source of memory usage 

in video decoder 100. In order to reduce memory usage, one 
approach might be to reduce the resolution of the color 
components for the incoming bit stream. For example, if the 
color display depth on the mobile terminal can only shoW 
65,536 colors, then it is possible to reduce the resolution of 
the color components (Y,Cr,Cb) from 24 bits/pixel doWn to 
16 bits/pixel. While this technique can potentially reduce 
memory usage by 30%, it is a display dependent solution 
that must be hardWired in the video decoder. Also, this 
technique does not scale easily With changing peak signal 
to-noise ratio (PSNR) requirements, therefore, this approach 
is not ?exible. 

Operating on the data in the spatial domain requires 
increased memory capacity as compared to compressed 
domain processing. In the spatial domain, the motion com 
pensation is readily calculated and applied to successive 
frames of an image. HoWever, When operating in the com 
pressed domain motion compensation is not as straightfor 
Ward as a motion vector pointing back to a previous frame 
since the error values are no longer spatial values, i.e., the 
error values are not pixel values When operating in the 
compressed domain. Additionally, methods capable of effi 
ciently handling compressed domain data are not available. 
Prior art approaches have focused mainly on transcoding, 
scaling and sharpening compressed domain applications. 
Additionally, inverse compensation applications for the 
compressed domain tend to give poor peak signal to noise 
ratio (PSNR) performance and at the same time have an 
unacceptably sloW response time in terms of the amount of 
frames per second that can be displayed. 
As a result, there is a need to solve the problems of the 

prior art to provide a method and apparatus that minimiZes 
the demands on memory for decoding loW bit rate video 
data. 

SUMMARY OF THE INVENTION 

Broadly speaking, the present invention ?lls these needs 
by providing a video decoder con?gured to minimiZe the 
memory requirements through the use of a hybrid data 
structure. It should be appreciated that the present invention 
can be implemented in numerous Ways, including as a 
method, a system, computer readable media or a device. 
Several inventive embodiments of the present invention are 
described beloW. 

In one embodiment, a method for reducing the memory 
requirements for decoding a bit stream is provided. The 
method initiates With receiving a video bit stream. Then, a 
frame of the bit stream is decoded into a transform (e.g., a 
discrete cosine transform (DCT)) domain representation. 
Next, non-Zero coefficients of the transform domain repre 
sentation are identi?ed. Then, a hybrid data structure is 
assembled. The hybrid data structure includes a ?xed siZe 



US 7,190,724 B2 
3 

array and a variable size over?ow vector. Next, the non-Zero 
coef?cients of the transform domain representation are 
inserted into the hybrid data structure. 

In another embodiment, a method for decoding video data 
is provided. The method initiates With receiving a frame of 
video data Within a compressed bit stream. Then, a block of 
the frame is decoded into a transform (e.g., DCT) domain 
representation in the compressed domain. Next, a hybrid 
data structure is de?ned. Then, data associated With the 
transform domain representation is stored in the hybrid data 
structure. Next, inverse motion compensation is performed 
on the data associated With the transform domain represen 
tation in the compressed domain. After performing the 
inverse motion compensation on the data, the data is decom 
pressed for display. 

In yet another embodiment, computer readable media 
having program instructions for rearranging loW rate bit 
stream data for storage into a hybrid data structure is 
provided. The computer readable media includes program 
instructions for identifying non-Zero transform (e.g., DCT) 
coef?cients associated With a coded block of a frame of data. 
Program instructions for arranging the non-Zero transform 
coef?cients into a ?xed siZe array are included. Program 
instructions for determining if a quantity of the non-Zero 
transform coefficients exceed a capacity of the ?xed siZe 
array are provided. Program instructions for storing the 
non-Zero transform coef?cients exceeding the capacity of 
the ?xed siZe array in a variable siZe over?oW vector and 
program instructions for translating the non-Zero transform 
coef?cients from a compressed domain to a spatial domain 
are included. 

In still yet another embodiment, a circuit is provided. The 
circuit includes a video decoder integrated circuit chip. The 
video decoder integrated circuit chip includes circuitry for 
receiving a bit stream of data associated With a frame of 
video data. Circuitry for decoding the bit stream of data into 
a transform (e.g., DCT) domain representation is included in 
the video decoder. Circuitry for arranging non-Zero trans 
form coef?cients of the transform domain representation in 
a hybrid data structure in a memory associated With the 
video decoder is provided. Circuitry for decompressing the 
non-Zero transform coef?cients of the transform domain 
representation for display is also provided. 

In another embodiment, a device con?gured to display an 
image is provided. The device includes a central processing 
unit (CPU), a random access memory (RAM), and a display 
screen con?gured to present an image. Decoder circuitry 
con?gured to transform a video bit stream into a transform 
(e.g., DCT) domain representation is included. The decoder 
circuitry is capable of arranging non-Zero transform coe?‘i 
cients of the transform domain representation in a hybrid 
data structure in a memory associated With the decoder 
circuitry. The decoder circuitry includes circuitry for selec 
tively applying a hybrid factorization/integer approximation 
technique during inverse motion compensation. A bus in 
communication With the CPU, the RAM, the display screen 
and the decoder circuitry is also included. 

Other aspects and advantages of the invention Will 
become apparent from the folloWing detailed description, 
taken in conjunction With the accompanying draWings, 
illustrating by Way of example the principles of the inven 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention Will be readily understood by the 
folloWing detailed description in conjunction With the 
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4 
accompanying draWings, and like reference numerals des 
ignate like structural elements. 

FIG. 1 is a schematic diagram of a video decoder for 
decoding video data and performing motion compensation 
in the spatial domain. 

FIG. 2 is a schematic diagram of a video decoder arranged 
such that inverse motion compensation is performed in the 
compressed domain in accordance With one embodiment of 
the invention. 

FIG. 3 is a schematic diagram illustrating inverse motion 
compensation as peformed in the spatial domain. 

FIG. 4 is a graph illustrating the peak signal to noise ratio 
(PSNR) for a plurality of frames to demonstrate the effec 
tiveness of a forced update mechanism associated With the 
H.263 standard. 

FIG. 5 is a schematic diagram illustrating the determina 
tion of half pixel values in the H.263 standard. 

FIG. 6A is a schematic diagrams of a baseline spatial 
video decoder 

FIG. 6B is a schematic diagram of a compressed domain 
video decoder in accordance With one embodiment of the 
invention. 

FIG. 7 is a block diagram illustrating the block transfor 
mations during the video encoding and decoding process in 
accordance With one embodiment of the invention. 

FIG. 8 is a schematic diagram illustrating the use of a 
separate index to ?nd the starting position of each 8x8 block 
in a runlength representation. 

FIGS. 9A and 9B illustrate the sort and merge operations 
needed to add the prediction error to the prediction for an 
array-based data structure and a list data structure, respec 
tively. 

FIG. 10 is a schematic diagram of a hybrid data structure 
including an array structure and a vector structure to alloW 
for memory compression and computational efficiency in 
accordance With one embodiment of the invention. 

FIGS. 11A through 11C are graphs illustrating the factors 
evaluated in determining the capacity of the ?xed siZe 
blocks of the ?xed siZe array and the over?oW vector of the 
hybrid data structure in accordance With one embodiment of 
the invention. 

FIG. 12 is a ?owchart of the method operations for 
reducing the memory requirements for decoding a bit stream 
in accordance With one embodiment of the invention. 

FIG. 13 is a schematic diagram illustrating three examples 
of block alignment to reduce matrix multiplication. 

FIG. 14 is a schematic diagram of a half pixel interpola 
tion for a perfectly aligned DCT block. 

FIG. 15 is a schematic diagram illustrating the rearrange 
ment of the functional blocks of a compressed domain video 
decoder to enhance the processing of the video data in 
accordance With one embodiment of the invention. 

FIG. 16 is a ?owchart diagram of the method operations 
for performing inverse motion compensation in the com 
pressed domain in accordance With one embodiment of the 
invention. 

FIG. 17 is a schematic diagram of the selective applica 
tion of the hybrid factorization/integer approximation tech 
nique in accordance With one embodiment of the invention. 

FIG. 18 is a simpli?ed schematic diagram of a portable 
electronic device having decoder circuitry con?gured to 
utiliZe hybrid data structures to minimize memory require 
ments and to apply a hybrid factorization/integer approxi 
mation technique to ef?ciently decode the bit stream data in 
accordance With one embodiment of the invention. 
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FIG. 19 is a more detailed schematic diagram of the 
decoder circuitry of FIG. 18 in accordance With one embodi 
ment of the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

An invention is described for a system, apparatus and 
method for minimizing memory capacity for compressed 
domain video decoding. It Will be apparent, hoWever, to one 
skilled in the art, in vieW of the following description, that 
the present invention may be practiced Without some or all 
of these speci?c details. In other instances, Well knoWn 
process operations have not been described in detail in order 
not to unnecessarily obscure the present invention. FIG. 1 is 
described in the “Background of the Invention” section. The 
term about as used to herein refers to +/—l0% of the 
referenced value. 

The embodiments described herein provide data struc 
tures that enable the reduction of the memory used While 
decoding video data in the compressed domain. In one 
embodiment, the video decoding pipeline is rearranged such 
that the current frame is stored, and the inverse motion 
compensation is performed, in the frequency domain, i.e., 
compressed domain. Hybrid data structures alloW for the 
manipulation of the data in the compressed domain Without 
computational cost or any signi?cant loss of data. In one 
embodiment, the hybrid data structures take advantage of 
the fact that there are only a small number of non-Zero 
discrete cosine transform (DCT) coef?cients Within a coded 
block. Thus, only the non-Zero DCT coef?cients of the entire 
frame are stored, thereby reducing the memory require 
ments. As Will be explained in more detail beloW, the hybrid 
data structure includes a ?xed siZe array and a variable siZe 
over?oW vector. The variable siZe over?oW vector stores the 
non-Zero DCT coefficients of the coded blocks that exceed 
the capacity of the ?xed siZe array. 

FIG. 2 is a schematic diagram of a video decoder arranged 
such that inverse motion compensation is performed in the 
compressed domain in accordance With one embodiment of 
the invention. Here, bit stream 122 is received by video 
decoder 120. The ?rst tWo stages variable length decoder 
(VLD) stage 124 and dequantiZation (DQ) stage 126, decode 
the compressed bit stream into a DCT domain representa 
tion. The DCT domain representation is stored in memory 
(MEM) 130, also referred to as a frame buffer, for use in 
motion compensation (MC) stage 128. Run length decoder 
(RLD) stage 132 and inverse DCT (IDCT) stage 134 is 
performed after the motion compensation feedback loop 
Which contains MC 128 and MEM 130. Thus, the internal 
representation of the block being decoded is kept in the 
compressed domain. There are only a small number of 
nonZero DCT coef?cients Within a coded block, therefore, 
this characteristic can be exploited by developing data 
structures for MEM 130 that store only the nonZero DCT 
coef?cients of each block in the frame. As Will be shoWn in 
more detail beloW, the memory compression enabled 
through the hybrid data structures can reduce memory usage 
by 50% Without any loss in video quality. Since the human 
visual system is more sensitive to the loWer order DCT 
coef?cients than the higher order DCT coef?cients, thresh 
olding schemes that ?lter out higher order DCT coefficients 
and tradeolf memory usage versus changing poWer or peak 
signal to noise ratio (PSNR) requirements are developed as 
described beloW. 

Accordingly, a complete compressed domain video 
decoding pipeline that is optimiZed for both fast and 
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6 
memory ef?cient decoding is described herein. In one 
embodiment, TELENOR’s video decoder, Which is a public 
domain H.263 compliant decoder, is used for the testing 
referred to herein. It should be appreciated that While some 
of the embodiments described beloW refer to a H.263 bit 
stream, the embodiments are not limited to operating on a 
H.263 bit stream. That is, any DCT based compressed bit 
stream having video data, e. g., Motion Picture Expert Group 
(MPEG) l/2/4, H.261, etc. may be employed. A number of 
fast inverse motion compensation algorithms for the discrete 
cosine transform (DCT) domain representation enable the 
ef?cient processing in the compressed domain. It should be 
appreciated that memory compression methods that store the 
nonZero DCT coef?cients Within a coded block alloW for the 
reduction in memory requirements due to the compressed 
domain processing. Additionally, performance of the video 
decoder using compressed domain processing With the 
inverse motion compensation techniques and memory com 
pression described herein is evaluated along three dimen 
sions: computational complexity, memory ef?ciency, and 
PSNR, to shoW the various performance tradeolfs in opti 
miZing for both speed and memory. 

FIG. 3 is a schematic diagram illustrating inverse motion 
compensation as peformed in the spatial domain. Here, a 
prediction of the current block is performed from motion 
compensated blocks in the reference frame. The current 8x8 
spatial block, f‘k142, of current frame 140 is derived from 
four reference blocks fl, f2, f3and f4, 144-1 through 144-4, 
respectively, in reference frame 146. The reference blocks 
are selected by calculating the displacement of fK by the 
motion vector (Ax,Ay) and choosing those blocks that the 
motion vector intersects in the reference frame. For (Ax>0, 
Ay>0), fk is displaced to the right and doWn. From the 
overlap of fk With f‘l We can determine the overlap param 
eters (W, h) and also the parameters (8—W,h), (W,8—h), and 
(8—W,8—h) With the neighboring blocks. 

1 

Since each block can be represented as an 8x8 matrix, the 
reconstruction of matrix fk can be described as the summa 
tion of WindoWed and shifted matrices f‘l, . . . , f4. In 

equation (Eq.) (2), the matrices cl], iIl, . . . , 4, j:l,2, 
perform the WindoWing and shifting operations on f‘ 1. The 
matrices clj are sparse 8x8 matrices of Zeroes and ones. Also, 
cy- is a function of the overlap parameters (W,h) and is 
de?ned as 

(3) 

(4) 

Where I h, and IW are identity matrices of dimension h><h and 
W><W, respectively. 

Similarly, 

(5) 

(6) 
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The inverse motion compensation in the DCT-domain 
reconstructs intracoded blocks from motion compensated 
interceded blocks. The concept is similar to the spatial 
domain except that all coef?cients are kept in the DCT 
domain, i.e. reconstruct Fk, the DCT of fk, directly from 
F'l, . . . , F'4, the DCT off‘l, . . . , f4. 

S is de?ned as a matrix that contains the 8x8 basis vectors 
for a tWo-dimensional DCT. Using the unitary property of 
the DCT transform, S’SII, it can be demonstrated that Eq. 
(2) is equivalent to 

Premultiplying both sides of Eq. (7) by S, and postmulti 
plying by S’, results in: 

4 (3) 

Fk = Z CHFi/CIZ, 
[:1 

Where Cl]- is the DCT of cl]. Eq. (8) calculates Fk as a 
summation of pre- and post-multiplied terms F'l, . . . , F'4. 

The matrix Cl]- is a single composite matrix that contains the 
sequence of transformations: inverse DCT, WindoWing, 
shifting, and forWard DCT. Thus, Eq. (8) describes a method 
to calculate Fk directly from F'l, . . . , F‘4 using only matrix 
multiplications. These matrix multiplications operate in the 
DCT-domain Without having to explicitly transform betWeen 
the spatial and frequency domains. HoWever, the matrix 
multiplications described are unacceptably sloW. In turn, 
only about 5 frames per second can be displayed Which 
results in a poor quality display. The DCT-domain inverse 
motion compensation algorithms described beloW focus on 
reducing the computational complexity of these matrix 
multiplications as the matrix multiplications become a 
bottleneck causing unacceptable delays. 
LoW bit rate video, i.e., video data having bit rates less 

than about 64 kilobits per second, is targeted for applications 
such as Wireless video on cellular phones, personal digital 
assistants PDAs, and other handheld or battery operated 
devices, as Well as being used for video conferencing 
applications. The H.263 standard is an exemplary standard 
that speci?es the bit stream syntax and algorithms for video 
coding at loW bit rates. The algorithms include transform 
coding, motion estimation/compensation, coefficient quan 
tiZation, and run-length coding. Besides the baseline speci 
?cation, version 2 of the standard also supports sixteen 
negotiable options that improve coding performance and 
provide error resilience. 

Video encoded at loW bit rates can become visibly dis 
torted, especially those classi?ed With high action, i.e., 
active motion blocks. As mentioned above, the embodi 
ments described herein refer to the H.263 standard, hoWever 
any suitable video codec standard can be employed With the 
embodiments. Some of the characteristics of the features of 
the H.263 standard are discussed beloW for informational 
purposes and are not meant to limit the invention for use 
With the H.263 standard. One characteristic of the H.263 
standard is the absence of the group of pictures (GOP) and 
higher layers in the H.263 standard. Where baseline encoded 
sequences composed of just a single intraframe (1 frame 
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folloWed by a long sequence of interframes (P frames), the 
long sequence of P frames provides greater compression 
ratios since the temporal redundancy is removed betWeen 
consecutive frames. HoWever, motion estimation/motion 
compensation (ME/ MC) also creates a temporal dependency 
such that errors generated during the lossy coding process 
Will accumulate during the decoding process. The lack of 1 
frames prevents the decoder from breaking this accumula 
tion of errors. The H.263 standard has a forced update 
mechanism such that the encoder must encode a macroblock 
as an intrablock at least once every 132 times during the 
encoding process. FIG. 4 is a graph illustrating the effec 
tiveness of the forced update mechanism. As illustrated in 
FIG. 4, the PSNR of the video ?uctuates randomly but does 
not drift in any one direction for frames later in the sequence. 

FIG. 5 is a schematic diagram illustrating the determina 
tion of half pixel values in the H.263 standard. As is Well 
knoWn, the H.263 standard uses half pixel interpolation for 
motion compensation. In the standard, half pixel interpola 
tion is indicated by motion vectors With 0.5 resolution (i.e. 
<7.5, 4.5>). The encoder can specify interpolation in the 
horiZontal direction only, vertical direction only, or both 
horiZontal and vertical directions. As illustrated by FIG. 5, 
half pixel values are found by bilinear interpolation of 
integer pixel positions surrounding the half pixel position. 
Pixel positionA 150-1, pixel position B 150-2, pixel position 
C 150-3, and pixel position D 150-4, represent integer pixel 
positions, While position e 152-1, position f 152-2, and 
position g 152-3 represent half pixel positions. Interpola 
tions in the horizontal direction may be represented as 
e:(A+B+1)>>1 and interpolations in the vertical direction 
may be represented as f:(A+C+1)>>1. lnterpolations in the 
horiZontal and vertical directions may be represented as 
g:(A+B+C+D+2)>>2 

FIGS. 6A and 6B are schematic diagrams of a baseline 
spatial video decoder and a compressed domain video 
decoder, respectively. The block diagram of FIG. 6B rear 
ranges some of the functional blocks of the spatial domain 
video decoder of FIG. 6A. In particular, RLD 132 and IDCT 
134 are moved after MC 128 feedback loop. This arrange 
ment keeps the internal representation of the video in the 
compressed domain. The arrangement of FIG. 6B alloWs for 
the insertion of compressed domain post processing modules 
right after MC 128 feedback loop. It should be appreciated 
that certain video manipulations, such as compositing, scal 
ing, and deblocking, to name a feW, are faster in the 
compressed domain over their spatial domain counterparts. 
HoWever, from the video codec point of vieW, a spatial 
encoder is not perfectly matched to a compressed domain 
decoder. As shoWn in FIG. 6B, the compressed domain 
video decoder differs from that of the spatial domain video 
decoder of FIG. 6A at several points along the decoding 
pipeline. More than just a rearrangement of blocks, the 
points of difference represent nonlinear operations, such as 
clipping and rounding. These points of nonlinearity generate 
video With differing PSNR measurements betWeen the tWo 
domains. 
The nonlinear points are labeled as (i), (ii), (iii), (iv), and 

(V). In the spatial decoder of FIG. 6A, IDCT block 134 
transforms the incoming 8x8 block from the frequency 
domain to the spatial domain. The spatial domain values 
represent either pixel values or prediction error values for 
the color channels (Y,Cr,Cb). At point (i) of FIG. 6A, the 
spatial values are clipped to the range (—255 éxé256). Note 
that there is no equivalent clipping operation at this stage for 
the DCT coefficients in FIG. 6B. The second point of 
difference occurs during motion compensation. MC block 




















